Wide spread use of sandwich structures is still inhibited by the lack of a consistent joining technology one which is easy to work with, quantifiable and not dependent on special knowledge about manufacturing processes. A mechanical technology for joining sandwiches as developed in this article shall achieve these goals. The developing process follows the design methodology according to Pahl et al. [1] . The resulting systematic approach to the problem facilitated the generation of a complete solution field. This approach led to 18 promising concepts of 783 possible original solutions. Prototypes of those concepts showed that a reliable mechanical technology for joining sandwich elements is feasible.
INTRODUCTION
S ANDWICH CONSTRUCTION IS known as a very efficient method of structural design as it combines material-specific properties in a composite of different materials to the best advantage. However, its widespread, highvolume practical use in the realm of mechanical engineering is still inhibited by the lack of a consistent joining technology, one that is easy to work with, quantifiable and not dependent on special knowledge about manufacturing processes. Heat-applying methods like welding can lead to changes in The requirements are identified and collected in the requirements list. Requirements are subdivided into absolute requirements and preferences. The difference here is that the first ones must be fulfilled by a possible solution. The latter ones may be considered under justifiable effort and they will later serve as basis for the determination of evaluation criteria. The requirements have partly been found by interviewing two companies which work and design with sandwich elements, partly they have arisen from the author's own practical experiences. The requirements list is presented below. R and P indicate absolute requirements (R) and preferences (P).
. The connection must be able to transmit all occuring forces and moments (R). . The dimensions of the joint shall be as small as possible yet as large as necessary (R). . Elastic deformations that will occur under load must not become so large as to harm the joint (R). . The principle of uniform strength shall be applied to sandwich elements and joint. The fatigue life of all involved parts shall be the same (R). . The joint shall be as lightweight as possible (R). . The intersection area between sandwich and joint shall be designed in a way that sharp deflections of the force flowlines or strong changes in their density are avoided (R). . The material of the joint must be compatible to the material of the sandwiches, e.g., contact corrosion must be avoided (R). . The utilization of the joint shall be independent of the material combination of the sandwich (P). If this is not possible, adaptions have to be made for the different materials (R). . Forces and moments shall be transmitted from the joint directly into the sandwich faces. The distance between as well as the position relative to each other of the sandwich faces shall remain constant even under load (R). . With regard to manufacturing, the design of the joint shall be as simple as possible. The use of large-scale production methods shall be considered (P). . The preparation of the joint beforehand shall require as few steps as possible. If preparation is necessary it shall be kept as simple as possible, e.g., if the joining technology necessitates holes they should be in the shape of a circle instead of a square (P). . The sandwich elements shall be unambiguously positioned to each other by means of the joint. This facilitates the joining process (P). . The assembly procedure shall be as easy and clear as possible (P). . The joint shall be visually unobtrusive (P).
Development of Principle Solutions
As mentioned before, the first step is to identify the function carriers. The basic parts of the joint are the sandwich core, the sandwich faces, a connecting element, fastening elements and -if necessary -inserts ( Figure 2 ). The function of the connecting element is that of an auxiliary part that connects the sandwiches by means of the fastening elements (as opposed to connecting the sandwiches directly, e.g., through the faces). Potentially necessary inlets will later be counted to be part of the connecting element. The fastening elements are the parts that are needed to finally establish the connection between the sandwiches and the connecting element or the sandwiches themselves, respectively. Examples are bolts or rivets. The basic elements of the connection have now been determined. They are used to define all possible basic configurations of how a connection between two sandwiches can be established. For this work, the considerations are restricted to two sandwiches lying in-plane to each other. The derivation of rectangular or any other kind of joints of sandwiches will be part of later examinations. The four resulting possibilities are shown in Table 1 .
Those possibilities can again be varied with respect to the four parameters shape, position, size, and number leading to the 15 basic configurations shown in Table 2 . Those configurations are deliberately called 'basic' as they are directly derived by altering the parameters mentioned before. There are apparently more configurations which will now be identified by systematically combining the 15 basic configurations. This combination procedure is carried out in compliance with the following rules:
. Beginning with the first, each configuration is combined with all following ones leading to all possible combinations. . If two connecting elements touch or penetrate each other, then the resulting geometric body is seen as a new, complex connecting element. . The considerations are of qualitative nature. The exact embodiment design or quantitative parameters are not defined at this point.
This approach naturally leads to a large number of possible configurations some of which will not be useful or make sense. In order to sort out those invalid configurations, a rough evaluation is conducted along with the combination procedure. The following criteria mark a configuration as invalid:
. Geometric incompatibility: The sandwich faces or one sandwich face and the connecting element penetrate each other; or a sandwich face has to be formed into two different directions at the same time. . One connecting element completely encloses another. . A connecting element from the group of 15 basic configurations is rebuilt. . A newly added element serves no function. Table 1 . Basic possibilities of connecting two sandwiches using the elements of Figure 2 .
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The result of this combination procedure is 454 possible configurations of which 376 can be considered invalid for the reasons above. Table 3 shows the remaining 78 configurations. An evaluation step shall reduce this number to the 10 most promising configurations. The evaluation criteria are derived from the requirements list and weighted according to their importance for the joint. This results in an objectives tree whose three upper level objectives are:
. Good fulfillment of function; weighted with a percentage of 55% . Cost; weighted with a percentage of 20% . Easy Handling; weighted with a percentage of 25%
The lower levels are not presented here. The 78 configurations are then scored on a scale from 0 to 10. The 10 highest rated concepts for a connecting element are in the order of their ranking starting with the best (cp. Table 3) : G2, D10, D1, A1, C11, F7, B3, C1, E7, G10.
So far, only the connecting elements have been considered. However, the definition of the basic parts of a joint for sandwich elements also included Without connecting element the fastening elements. The rather abstract term 'fastening element' denotes the element or part that is necessary to join two or more parts, e.g., bolts, rivets or clamps. As for the connecting element it is demanded to identify all possible fastening elements. Here, [3] is an useful source because it lists all known manufacturing processes for joining. Of those, the mechanical joining processes, a total of 32, are systematically combined with the 10 most promising connecting elements from above. Again, a rough evaluation, conducted simultaneously to the combination procedure, helps sorting out invalid principle solutions. Three criteria are defined for this rough evaluation:
. Ability of transmitting high forces and moments.
. Simple and quick joining procedure.
. Little changes and preparations of the sandwich necessary. This approach results in originally 783 principal solutions of which 83 remain after the rough evaluation. A final evaluation using a similar objectives tree as mentioned above produces the 18 best principle solutions for a mechanical technology for joining sandwich elements. They are shown in Figure 3 .
GENERAL STRUCTURAL ANALYSIS
The preceding considerations delivered 18 principle solutions for joining sandwiches mechanically. The second part of the developing process now consists of stating general mathematical calculations for a structural analysis. For that purpose the 18 principle solutions are divided into six different groups. The solutions within each group have in common that they are very similar to each other with respect to their underlying working principle (Table 4 ). Thus their mathematical description is also similar. This facilitates further considerations as it allows to formulate structural analyses for each group only, instead of doing this for each principle solution. Group I combines all principle solutions that use bolts as joining elements. They differ slightly with respect to the length of the bolts. Solutions 1, 2, 4, and 7 use short bolts which clamp the sandwich faces between outer and inner tongue of the connecting element, whereas solutions 9 and 15 have long bolts working between the outer tongues. Group II again makes use of bolts. They are however located at the center of the connecting element clamping either both sides with long bolts (No. 8) or each side separately with short bolts (No. 12). The three solutions of Group III all use rivets. They only differ slightly in the assembly of the connecting element. The solutions 5 and 10 of group IV are referred to as quick fasteners. This group is an exception to the others in that the structural analyses of the two solutions differ much. The grouping is, however, justified by the common property of allowing a quick connection between sandwiches without much preparation. Group V contains the so-called selflocking bolts. Solution 13a differs from 13b only in the way that 13a uses the self-locking bolts on both sides of the connecting element whereas 13b has normal bolts on one side. Group VI combines three solutions which were not rated high in the evaluation before. Yet they remain as solutions which will presumably cause little cost. This concept originally rose from considerations of combining a low-cost manufacturing process for the connecting element with a low-cost joining process along with little effort necessary for preparing the sandwiches. Also a limited strength of the connection compared to the other groups is accepted in this particular case. The connecting elements of this group are designed to be manufactured as extruded aluminum profiles in large-scale production. Center-punching and selftapping screws fulfill the requirement of being low-cost fasteners which do not necessitate expensive tools. This could however not hold true for clinching after a more detailed examination of this joining process. A more comprehensive discussion of this group of fasteners can be found in [4] . The result of the structural analysis shall be a set of generally applicable mathematical formulas, i.e., for any combination of external loads these formulas can be used to calculate the critical load for the sandwich connection. Thus, the first step is to define a general load case applicable to all solutions. This load case is based on a Cartesian coordinate system and consists of three forces and three moments. Besides, the calculations underlie the following constraints and assumptions:
. Forces are always applied symmetrically to the sandwich faces.
. The sandwich is treated as a solid body.
. Loads applied to the sandwiches are transferred directly to the connecting element without being changed. . The center bar is assumed to be fixed in place. External loads can be transmitted to the surrounding structure through this bar. . The location of the highest combined loads is the reference for dimensioning. All loads occuring at this location are added according to their amount. . At this early stage of development, assumptions are often made to the safe side. This might lead to over-dimensioned connecting elements. . The structural analysis of the sandwiches themselves is not part of this work but will be subject of further research. This work relies on manufacturer's information.
The structural analyses for the first five groups of principle solutions consist of six steps:
Determination of all relevant geometric parameters of the connection.
This includes qualitative but not quantitative design of the connecting elements. 2. Each load of the general load case is translated into the corresponding load at the crucial location of the connection (usually the location of the fastening elements). 3. Addition of similar loads to a resulting total load of the same kind. 4. Dimensioning of the fastening elements. This includes the determination of the loads on the fastening elements and their subsequent structural analyses.
5. Determination of the critical stresses in the connecting element, if necessary by calculating an equivalent stress. Calculation of all necessary structural analyses for the connecting element. 6. Structurally analyzing the sandwiches at the location of the fastening elements.
The presentation of the structural analyses of all five groups of principle solutions would exceed the limits of the article. Thus, only the calculations for group I shall be presented here exemplarily. The geometric parameters of this group are shown in Figure 4 and described in Table 5 . Table 6 sums up the result of step two -the translation of the external loads to loads at the locations of the bolts.
It is assumed that each connecting element has a number of 2n bolts. Equations (1) and (2) are the results of the third step, i.e., the addition of similar loads to a resulting load. Equation (1) denotes the maximum force on the bolts in radial direction, Equation (2) in axial direction respectively.
F S,axial,max ¼ jF S4,ax j þ jF S5 j ð 2Þ
As mentioned above, the fastening elements are dimensioned in the fourth step. For bolts this is done in compliance with [5] which gives detailed instructions about how to calculate bolted joints. The mathematical formulation is too extensive to be presented here in full length. Table A1 in the 
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Appendix, however gives on overview of the 14 calculation steps according to [5] with the variables being calculated in each step and the results of those variables again for the example of the fastener of group I -the off-centered bolts.
The next to last step in the structural analysis of group I is the examination of the connecting element with regards to critical stresses. Failure in the connecting element occurs if either the outer or the inner tongues fail. Table 5 . Description of geometric parameters of Figure 5 .
Variable Description d
Overall thickness of sandwich panel (core and faces) s SB Thickness of sandwich faces s VEA Thickness of outer tongues of the connecting element s VEI Thickness of inner tongues of the connecting element l VEI Length of sandwich face between the tongues of the connecting element l VEIL Distance between the middle of the screw holes and the end of the tongues of the connecting element b
Width of the connecting element z S Distance between two screw holes d SLA Bore diameter in the outer tongues of the connecting element d SLI Bore diameter in the inner tongues of the connecting element n
Number of bolts per sandwich face
The structural analysis is in both cases the same because inner and outer tongues are frictionally connected through the sandwich face and hence are exposed to the same loads. The weakest and thus crucial location of the tongues which is considered for this step is the intersection through the holes of the bolts. At this location, an equivalent stress r V,GEH is calculated:
Stability is proven if:
with R p,0.2,VE being the yield point of the connecting element and s F being a safety factor. The sixth step of the structural analysis considers the sandwich elements. Failure can only occur if the maximum surface pressure of the material of the sandwich faces is exceeded by the bolted connection. This calculation, however, is part of the calculations of the fastening elements in step four. Thus, it shall not be presented here separately.
DIMENSIONING AND LAYOUT OF PROTOTYPES
The last part of this work comprises the manufacturing of prototypes of each of the six groups from the preceding chapter. For this purpose, qualitative rules for the embodiment design of the fasteners are stated. They mainly concern the transition between the sandwich faces and the connecting element. A summary of them is shown in Figure 5 .
Finally, the prototypes are built following these rules. They differ in the external loads which are assumed for the quantitative design. This allows testing more load cases in later experiments. At this point it must be mentioned that due to the restrictions of the institute's own workshop all prototypes are assemblies consisting of more than one part.
Similar to the preceding chapter only the prototype of group I (bolts, offcenter) shall be presented here in detail. The external loads are assumed with F Z/Dy ¼ 10,000 N and F Qz ¼ 500 N. The width is set to b ¼ 200 mm. The material of the connecting element is aluminum with a Young's modulus of E ¼ 70,000 N/mm 2 , a yield point of R p,0.2 % 150 N/mm 2 and a tensile strength of R m % 290 N/mm 2 . Figure 6 displays the computer-model and the final prototype. Figure 7 shows all prototypes together.
At this point, the experimental testing of the fasteners is ongoing. So far it can be concluded that the prototypes show satisfactory strength. They do however not yet fulfill the principle of uniform strength. The reason for this is mainly the already mentioned limited manufacturing facilities of the institute's workshop. This however means that the prototypes' capacity of carrying loads is much higher than that of the sandwiches themselves. This circumstance requires improvements of the embodiment design and manufacturing process of the connectors. This work is currently in progress. Results of the experiments as well as the considerations on the improvements will be presented in a later publication.
CONCLUSION
It was shown that a reliable mechanical technology for joining sandwich elements is feasible. The systematic approach to the problem ensured that all possible concepts for joining sandwich elements mechanically were evaluated. The prototypes demonstrated a good fulfillment of the critical requirements. Most requirements defined at the beginning of the development are absolutely fulfilled by the prototypes. In manual tests they showed a good ability of transmitting all occurring loads and no deformations of the joint under load. Experimental testing on a servo-hydraulic testing machine will be carried out in the future. The requirement that demands the principle of uniform strength could not be fulfilled as the only one. This is however mostly due to the restricted production facilities of the institute. Improved manufacturing processes will also result in smaller dimensions, a lower weight and a more unobtrusive design.
APPENDIX Table A1 . Calculation steps for the fastening elements (bolts) of group I acc. to [5] .
Step Calculated variables The working stress r red,B is calculated with F
